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INTRODUCTION

Synchronous demodulation techniques have been used for some time to measure
thermal radiation produced by the small temperature changes associated with elastic stress
in materials, the thermoelastic effect[ 1]. As reviewed in [2], these measurements have been

employed primarily for inferring stress distributions in materials from the associated tem-

perature distributions. Images of stress distribution have been made most often by assem-
bling a large number of individual synchronous component measurements using specialized
equipment [3]. Other investigators [4,5] have used subtraction of stroboscopic samples to

build up similar images. Recently, techniques using full-field synchronous demodulation
[6,7] have been reported using equipment [8] which may be configured to perform a large

number of thermal measurements. In this paper, the elements of the measurement system
are used to provide information useful in characterizing the thermal properties of a coating
on a subsu'ate.

COATING CHARACTERIZATION

High emissivity coatings have been employed for many years in thermographic
inspections of highly reflective surfaces. As the name suggests, the coating characteristic of

interest is the emittance of a particular coating. Thermal protection coatings have also been
used and are increasingly used to protect load-carrying structural elements from high tem-

peratures. For these coatings, thermal conductivity is the characteristic of interest. Both
emissivity and thermal conductivity are steady-state properties of a coating. For time-vary-

ing situations, the response time of a high emissivity coating is also a consideration, as
noted in [ 1]. This response time occurs because the coating has a finite heat capacity and is
often a thermal insulator, so its temperature, which produces the detected radiation, lags that

of the substrate being measured. The most direct way of lowering the thermal response time
of a coating is to reduce its thickness. This stratagem is effective only until the coating is so

thin that it is no longer opaque, and so the infrared absorption depth over the spectral range
of detector sensitivity becomes another significant characteristic of a high emissivity coat-
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ing. For thermoelastic response, the strains within the coating itself can generate ther-

moelastic signals, so the coating thermoelastic response when matched in strain to a given

substrate becomes another consideration. Mackenzie [9] has formulated the coating
response as a thermal wave problem, adding the thermal wave and infrared reflection coeffi-

cients to the above set of characteristics of interest. This has resulted in Equation 1 for coat-
ing response. In this equation, F represents the infrared flux from the surface, _ is a complex
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wavenumber given by (l+i)(nf/k) i/2, where f is the frequency of oscillation and k is the
thermal diffusivity of the coating, A is the amplitude of temperature oscillation from the

substrate, which is considered to be only slightly loaded thermally by the coating, Q is the
ratio of thermoelastic coefficients between the coating and the substrate at equal strain, d is

the thickness of the coating, Ra is the thermal wave reflection coefficient from the coating/
air boundary, R s is the thermal wave reflection coefficient at the coating/substrate boundary,
Rm is the infrared reflection coefficient at the coating/substrate boundary and oc is the infra-
red absorption coefficient for the coating.

THEORETICAL COATING RESPONSE

Equation 1 describes a complex response which depends on several intrinsic

parameters of the coating as well as coating thickness and the frequency of the oscillating
temperature boundary. Figure 1 shows the amplitude and phase portions of this response as
a function of frequency and coating thickness. The values for the intrinsic properties are
those chosen by Mackenzie for a paint. The qualitative features of this response are similar

to many high emissivity coatings. Figure 2 shows the amplitude portion of the response as a
contour plot. For thick coatings and low frequencies, a triangular plateau is seen with a
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Fig. 1. Theoretical amplitude (a) and phase (b) response of a hypothetical coating to cyclic

stress in the substrate. Base axes are log frequency(Hz) on left side and log thickness (cm)

along front. Vertical axes are relative response for (a) and phase angle in radians for (b).
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Fig. 2. Contour plot of the amplitude response of a coating as given by Eq. 1 using physical

properties appropriate for a typical paint. Regimes in frequency-thickness space of
operational and diagnostic significance are indicated for the amplitude response shown.

maximum amplitude and nearly zero phase. It is within this plateau that the coating acts as a
high emissivity coating, faithfully representing substrate temperature as emitted radiation.
At small thicknesses, the coating becomes increasingly transparent to the infrared radiation

of interest, and the response amplitude decreases accordingly. At larger thickness or higher

frequencies, the response develops a substantial phase shift as well as a decrease in
amplitude. This is because the thermal wave propagating through the coating attains a
wavelength on the same order as the coating thickness. On the log-log representation given
here, the contour lines form a diagonal pattern of straight lines terminating in the curved

high-frequency end of the high emissivity plateau as they encounter the low absorptivity

cutoff. The high frequency-high thickness reduction in amplitude does not continue
indefinitely, but rather is terminated in a region of flat response at zero phase, merging with
a small phase fluctuation indicative of phase interference from multiple effects. This high
frequency-large thickness regime is the thermoelastic response to strain in the coating itself,
the thermal waves from the substrate being completely absorbed in the coating. Because the

synchronous infrared response in this regime is responsive only to the strain of the substrate,

it may be termed a strain witness coating.
For a coating of thickness sufficient to act as a high emissivity coating, the fre-

quency response is expected to have one value at low frequencies and transition to another
level at high frequencies through a linear fall-off region, the fall-off rate being approxi-

mately 1.5dl3/octave. If a characterization of the coating is desired, it must be measured
through the range of frequencies from the plateau through the complete transition region to
the strain witness regime.

Differential formula

Experimental considerations make it desirable for coating characterization to per-
form a difference measurement between coatings of two different thicknesses. If multiple

pass coating techniques are used to produce the thickness variations, the expected situation
is one in which the thickness of the coatings are unknown, but the thickness ratios are con-

sidered to be the ratios of the number of passes used to coat each of the contrasting thickness

areas being measured. Equation 1 has been used to produce numerically plots corresponding
to those in Fig. 1 for amplitude ratios and phase differences of observed surface temperature
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Fig. 3. Amplitude ratios (a)and phase difference (b) for two coating thicknesses in the ratio
of 3:1 of observed thermoelastic surface temperature fluctuations as a function of the

frequency and thickness of the thinner coating. Coating properties and base axes are the
same as for Fig. 1. Phase difference is in degrees.

fluctuations. Figure 3 is an example for a thickness ratio of 3:1. In this example, the opacity
limit of the thin layer and the thermal propagation fall-off in the thick layer combine to
eliminate the amplitude response of an emissivity enhancing coating.

EXPERIMENTAL TECHNIQUE

The frequency requirement for thermal waves to obtain substantial phase contrast on

coatings of thickness relevant to production applications necessitated two extensions of
present techniques in the areas of thermal wave production and data interpretation.

Full-Field Synchronous Demodulatign

The thermoelastic temperature variations are on the order of a few thousandths of a

degree, generally below the detection level of commercially available scanning thermal

imagers. Signal averaging is therefore used to reduce the random noise of the imager signal.
For full-field synchronous demodulation [7], the experimental arrangement of equipment is
shown in Fig. 4 The imager signal, which is available in a standard video format, is directed
to sequential frames in a digital image processing system at the video frame rate. The num-

ber of frames used is chosen to collect a whole number of complete stress cycles, which are
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Fig.4. Schematic diagram of experimental equipment.
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driven at appropriate frequencies. The cycle is repeated a number of times, summing the

data in the image processor frames. Phase synchronization is maintained with a synchroni-

zation box in concert with the triggered function generator, so that each summed frame in

the resulting data set represents a narrow range of phases. After data acquisition, the data in

the image processor are analyzed pixelwise into a mean value, amplitude and phase at the

oscillation frequency, producing images of these quantities.

Inl¢rpretation of Alias_d Data

The video frame rate in our system is 30 Hz, and that is also the sampling rate for our

data. Standard signal analysis theory places a limit, the Nyquist frequency at 15 Hz., on the

harmonic content of a signal which may be unambiguously described by a series of samples.

Signals at frequencies higher than the Nyquist frequency for a given sampling rate are

expressed at frequencies below the Nyquist frequency in harmonic analyses, a process

known as aliasing. With unknown or broad band signals, the most common way of treating

aliasing is to assure that the sampling element in a measurement never experiences signals

above the Nyquist frequency. In our case, the objective is to present the digitizing element

with a narrow band signal at some frequency beyond the Nyquist frequency, avoiding the

Nyquist frequency and its integral multiples, so that the analysis, appearing below the

Nyquist frequency, can be related directly to the known frequency of oscillation. If fr is the

real frequency of operation and fa is the apparent frequency of observation, the two are

related by fa = Ifr - n/AI, where n is a whole number needed to bring the value of fa below the

Nyquist frequency and A is the sampling interval in seconds, n may be considered the order

of the alias. The phase of a point in the aliased image is equal to the phase of the same point

in the real image, but because the images are scanned at a constant rate, the real phase differ-

ence between two points in an image is the apparent phase difference times the sign of the

expression (fr- n/A) used to calculate the apparent frequency. Using these formulas, the fre-

quency at which an apparent image will be found can be determined, and its phase data from

the apparent image can be related to the phases in the real image.

High Frequency Stress Source

There were no servohydraulic machines available to us to achieve the high frequen-

cies needed to analyze coatings. Other stress sources used for high frequencies rely on reso-

nant vibrations, and thus are narrow band or tuned by reconfiguring mass distribution. In

order to increase the frequency and maintain the wide bandwidth desired, a new stress

source (Figure 5) was constructed. This source subjects a substrate plate to oscillating bend-

ing stresses which produce opposite alternating stress patterns on the two faces of the plate.

At high enough frequencies, the thermal patterns remain on the surfaces rather than diffus-

ing through the thickness of the substrate. The high frequency limit of the system is the low-
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Fig. 5. Schematic diagram showing the thermoelastic source and the imager location. The

linear stress pattern is shown on the inset graph, and it oscillates between tension and

compression at the vibration frequency.
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est plate bending mode of the substrate. This source operated successfully at frequencies up
to 160 Hz.

APPLICATION TO COATING CHARACTERIZATION

To assess the applicability to coating characterization, an aluminum substrate was
coated with paint, half with a single coat and half with three coats, to produce contrast

images appropriate to the contrast formula. Phase and amplitude images were obtained over
a range of frequencies, and averaged values were obtained by spatial averaging of the

images. The parameters of the differential formula with a 3:1 thickness ratio were adjusted
until an approximate fit was obtained. The results are shown in Figure 6 The fitting proce-

dure showed that the positions of the curves were sensitive to the chosen parameters, but the
spread of points indicates that the experimental procedure is not yet optimum. It is not
unreasonable to expect to achieve consistent amplitude ratios of 5% and phase differences
of 5 degrees. The set of parameters required to obtain an optimum fit constitutes the charac-

terization of the coating. In this case, the parameters included coating diffusivity, absorption
length for infrared radiation, two reflection coefficients for thermal waves at the two bound-

aries, coating thermoelastic self-generation coefficient, and the infrared reflection coeffi-

cient for the substrate. In summary, the characterization technique shows promise in
characterizing coatings which would be applied to metal or heterogeneous surfaces to pro-
duce uniform high infrared emissivities.

APPLICATION TO NDE OF COATINGS

The potential for the same measurements to permit nondestructive examination

(NDE) of materials was demonstrated by preparing two samples with contrasting squares in
an otherwise uniform coating. In one case, the contrast was provided by masking the sub-
strate during one application of paint, so that the paint thicknesses were either five coats or
four coats. In the other case, the sample was cleaned, and the contrasting .squares were sub-

jected to contamination by grease prior to painting to produce a poor bond. Figure 7a shows
the results for the paint thickness squares, while Figure 7b shows results for the weakened
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Fig. 6. Amplitude ratio (a) and phase difference(b) data for the paint sample as a function of
frequency, plotted on the horizontal axis. Points are experinaental data while lines are the
fitted curves.
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Fig. 7. Thermoelastic amplitude image contrast caused by (a) 5:4 thickness ratio of coatings
and (b) grease contamination beneath paint.
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bond due to grease contamination. In each case, the black vertical band bisecting the center
of the image is the shadow of the central bar used to drive the substrate.

The contrast developed between the two thicknesses of paint and between the con-
taminated and uncontaminated substrate indicates that using directly driven thermoelasticity

as a heat source on coated metal substrates shows promise for inspecting coating materials

The inspection has the property that, because the heat used is produced in the substrate
rather then propagated through the coating, it constitutes a two-sided inspection with its

advantages for speed and spatial resolution. The inspection will be useful in instances for
which it is awkward to bring an external heat source to bear on the substrate, but more con-
venient to produce cyclic stress in the inspected object, and it avoids the problems of reflec-

tions and non-uniformity often associated with external heat sources. Its chief difficulty,
signal amplitude, can be circumvented in some materials through the application of image

processing as was done in the examples shown.
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